Abstract-A new photonics-based approach for interference mitigation utilizing the nonlinear response of optical modulators is described. The technique is analyzed both theoretically and experimentally with excellent agreement. Proof-of-concept experiments demonstrate upward of 78-dB suppression of a large interfering signal, while degrading the response to small signals of interest by only 8 dB.
I. INTRODUCTION

I
NTERFERENCE mitigation in wireless communications remains an active area of research and development despite decades of work. The large amount of commercial resources dedicated to the associated problems have resulted in significant advances in information theory and communication capabilities [1] - [5] . However, there are numerous outstanding issues, some with less volume requirements than industrial communication applications. For example, spectrum sharing radar with the wireless communications infrastructure is a problem of increasing concern [6] , [7] . High-dynamic-range, high-sensitivity receivers are desirable for numerous applications but suffer from vulnerability to large interfering signals. Co-site interference is a serious problem in military platforms where hardware for many missions must be densely situated. Solutions to these problems are elusive, leading the community to seek answers from a multitude of technologies.
Optical signal processing presents numerous advantages over traditional electronic approaches including increased bandwidth, compatibility with long-haul fiber-optic remoting and reduced size, weight and power [8] . There have been numerous demonstrations of photonic techniques for interference suppression for the applications noted above [9] . The majority of the work in photonics-based radio-frequency (RF) interference mitigation can be broadly placed into two categories: cancellers [10] - [13] and frequencydomain filters [14] , [15] Photonics-based cancellers have been demonstrating using single- [10] and multi-tap [11] optical delay lines, in coherent optical structures [12] and with novel co-propagating modulators [13] . While these approaches are inherently wideband, they all present some scalability issues when considered for a general application. In this letter, we present a novel technique for RF interference suppression that has the inherent advantages of a photonic approach but also alleviates some of the shortcomings of previously demonstrated approaches.
The baseline concept comprises a compressed intensitymodulation direct-detection (IMDD) link with an external Mach-Zehnder modulator (MZM) as shown in Fig. 1 . Such a link exhibits a sinusoidal transfer characteristic, which when biased at quadrature will symmetrically clip the positive and negative swings of a large signal. This transfer curve arises from the conversion of optical phase modulation into intensity modulation in the MZM structure. The power compression characteristic for a MZM-based link is compared to that for a typical RF amplifier in Fig. 2 . As can be seen there, the response of the photonic link to a single tone at 1 GHz demonstrates periodic nulls and peaks in compression. This is in stark contrast to the compression response of a typical RF component such as that for the amplifier shown in Fig. 2 . As described in the following, the unique characteristic of 1041-1135 © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. angle-modulated photonic links can be exploited to implement a powerful interference mitigation solution.
II. THEORY AND PRINCIPLE OF OPERATION
The technique is best illustrated via a two-tone analysis, as is typically employed to determine output intercepts points associated with the small-signal regime. Assume that a link as shown in Fig. 1 is driven with two sinusoids such that the input voltage is
where V Q is the DC voltage to bias the MZM precisely at quadrature, is the angular frequency, and the subscripts designate the signal of interest (SOI) and the interference (INT). Assuming that the photodiode is linear, the photocurrent can be written as [8] where I dc is the average photocurrent and J is a Bessel function of the first kind having arguments φ = π V/V π with V π being the voltage required to switch the MZM from peak to null transmission. From (1), it is straightforward to determine the average output power for the SOI and INT as
where H pd is the photodetector circuit frequency response.
In the small-signal regime J 0 ≈ 0 and the effect of one signal on the other is negligible. However, as described by (2) and (3), there is an interrelationship between the two signals governed by the Bessel functions in the largesignal regime. This is markedly different than typical RF components, where gain compression affects all signals equally. The principle of this technique is to suppress the INT by adjusting its input power so as to zero J 1 (φ INT ). The second root of J 1 (corresponding to the first compression null) occurs at φ INT ≈ 3.8317, which can be rearranged to yield
where P null is the average input power into 50 to achieve the nulling condition. The effect on the SOI when the INT is set to satisfy (4) must then be considered. When the condition (4) is met for the INT, the SOI power gain is reduced by J 2 0 (3.8317) ≈ 0.1622 (about −8 dB). However, as long as the SOI satisfies the small-signal condition φ SOI 1, the gain at the SOI frequency remains linear. There are many applications where this tradeoff would be quite acceptable: suppression of an interferer at the cost of 8 dB reduction in sensitivity but with linear gain at other frequencies.
III. MEASURED RESULTS
Various links such as shown in Fig. 1 were constructed to demonstrated the achievable suppression when utilizing this technique. Shown in Fig. 3 are measured data for a link comprising a low-V π MZM (EOSPACE AZ-1×2-PFU-SFU-ULTRA) and a wideband photodiode (Discovery Semiconductor DCS30S). For these data, a SOI was input at 1.000 GHz at a fixed power of −19 dBm while the input power for an INT at 1.001 GHz was varied. The V π = 1.2 V at these frequencies, I dc = 2.7 mA, H pd = 1/2 and R o = 50 . The output power at the two driving frequencies was measured along with that for the third-order harmonics and intermodulation terms. As can be seen in Fig. 3 , there is excellent agreement between measurement and theory. Equations (2) and (3) were used for the first-order terms whereas the third-order terms can be derived from (1). The deviation from theory for the third harmonic of the SOI is due to the measurement noise floor. According to (4), the null condition is at 13.3 dBm INT input power; the measured INT output power is −65 dBm at this input, demonstrating 78-dB suppression. Some interesting features can be noted at the null condition of 13.3 dBm INT input power. First, the third harmonics of the INT and SOI are at their maximum values, with the former being comparable to the maximum INT output power. Second, one of the intermodulation products has the same output power as the SOI. The implications of these two observations will be discussed in Section IV.
The wideband nature of this mitigation technique is demonstrated by the data in Fig. 4 . For these measurements, a wideband MZM (EOSPACE AZ-DV5-4-PFA-SFA) and photodiode (Discovery Semiconductor DCS30S) were employed. The MZM had a V π of 4.0 at 6 GHz that increased to 4.6 at 18 GHz. The average photocurrent for the data in Fig. 4 was about 5.3 mA. The black curve in Fig. 4 shows the small-signal gain for the link. The blue and black curves are for a two-tone CW excitation where an INT at about 24 dBm input power is suppressed and the effect on an SOI at −23 dBm is measured. The INT level of 24 dBm will achieve the null condition (4) at a V π of about 4.1 V. For the blue trace in Fig. 4 , a vector network analyzer (VNA) is set to sweep the SOI while a separate signal generator provides an INT that is set to the null condition (4) at 12 GHz. As can be seen, the SOI response is about 8-dB below the small-signal gain as predicted by the theory. (The anomaly near 12 GHz is due to the INT.) The red curve shows the INT gain as a function of frequency, achieved by sweeping the VNA, whose output was fed to a power amplifier set to nominally 24 dBm output power across the bandwidth shown. It should be noted that gain ripple and impedance mismatch did lead to some power variation across the band. Nonetheless, the INT gain is at least 10 dB below the small-signal link gain and as high as 45 dB below at some frequencies. More importantly, the ratio of INT-to-SOI power that is 47 dB at the input to the link is reduced by at least 50 dB and upwards of 85 dB at the link output.
Measured results for non-CW signals are shown in Figs. 5 and 6. Shown in Fig. 5 are data pertaining to a chirped waveform. When a nulling condition is set there, the INT is suppressed by well more than 35 dB across all of the frequency content, allowing for a SOI to be measured 15.2 dB below its small signal response. Similar results are shown in Fig. 6(b) , demonstrating the effect in the frequency domain for a pulsed signal. The time-domain data for the pulsed signal [ Fig. 6(a) ] show anomalies on the rising and falling edge of the INT waveform when the null condition is not precisely achieved. The data in Figs. 5 and 6 highlight possible areas of future research pertaining to this technique, including the speed of the nulling action and the attainable frequency resolution.
IV. DISCUSSION AND CONCLUSION
The technique described in this letter could be implemented in a number of ways to mitigate RF interference. For example, an automatic gain control (AGC) stage could be placed before the link in order to maintain the null condition when large interference is present. Such an AGC circuit could be implement using wideband analog electronics. In such an approach, the interference signal and all others would experience the gain or attenuation required to place the interfering signal into the null condition, which may present some system tradeoffs. Also, this simple implementation does assume that the interfering signal is the dominant power source within the bandwidth, a condition that will not always hold. The data in Fig. 3 demonstrate that the technique as implemented here is essentially single octave. That is, a large portion of the suppressed interfering signal manifests in its third harmonic. In addition, third-order intermodulation between interference and SOIs can be at the same level as the SOI. While this may not compress a receiver, it does present spurious signals that must be dealt with. Nonetheless, this consequence could be acceptable in some systems where the alternative option is to "go blind." Numerous linearization techniques have been demonstrated for analog photonic links [8] , many of which could be applied to these issues. Furthermore, while a quadrature-biased MZM ideally introduces no even order distortions, the large signal drive in the null condition may accentuate non-idealities of an MZM in the form of even-order distortion.
As mentioned previously, this method may be quite useful for radar applications, many of which require low phase noise close the RF carrier. While photonic links have been demonstrated with very low close-in phase noise [16] , the phase noise of links operated in deep compression must be considered for radar applications employing this technique. In particular, excess phase noise induced by the photodetector may be of concern, an area that has received relatively little attention [17] , [18] . Similarly, photodetector distortion may also present an issue when implementing this technique due to the high modulation depth of the optical carrier.
The concept in this letter was focused on an IMDD link with an MZM. However, it has been shown that external phase-and polarization-modulated links exhibit the same functional form as (1) [19] . Therefore, it is expected that such links can be utilized in the same manner. Multiple types and/or stages of modulation can be implemented to enhance this technique. For example, serial modulation stages might be utilized to provide a response that has additive terms within Bessel function arguments. On the other hand, a response comprising summations of Bessel functions with independent arguments could be obtained with parallel modulation stages. These concepts could be leveraged to provide tailored or enhanced variations of the technique introduced here.
The photonic RF interference mitigation technique presented in this letter demonstrated 78 dB suppression of an interference signal at the cost of an 8-dB degradation of the small signal response at other frequencies. These results are in excellent agreement with theory. Greater than 35 dB suppression of interference was demonstrated in pulsed and chirped signals coincident with small signals. In both of these cases, the reduction in small-signal response was about 15 dB. This novel photonic technique is based on the interrelationships of multiple signals in angle-modulated optical links, a feature that may be leveraged for other RF signal processing capabilities.
